Abstract Defence Science and Technology Group has developed a complete oblique incidence ionosonde system to enhance ionospheric monitoring capabilities in support of the Jindalee Operational Radar Network. The Digital Oblique Receiving System, and its counterpart, the Digital Oblique Transmitting System, feature a direct-digital, multichannel chirp-sounder design that allows flexible collection of high-resolution ionograms across many simultaneous paths, without compromising dynamic range. This paper outlines the hardware and software components of the Digital Oblique Receiving System/Digital Oblique Transmitting System, including the onboard signal processing that removes radio frequency interference and fits a parameterized electron density profile to the ionogram. Additional control and data management tools that have enabled the system to be effectively transitioned into routine operations are also described. The typical performance is illustrated through a selection of sample ionograms, highlighting the applications of Digital Oblique Receiving System/Digital Oblique Transmitting System to a wide variety of ionospheric studies, including those requiring Doppler and angle-of-arrival observations. Plain Language Summary An oblique incidence ionospheric sounder (or ionosonde) records the ionospheric propagation characteristics for high-frequency radio waves on one-way over-the-horizon paths of up to 3,000 km or more. Observations are typically presented in the form of an ionogram image, a record of the received signal power (or path loss) as a function of frequency and delay. Defence Science and Technology Group has recently developed both transmitting and receiving subsystems that enable high-quality ionograms to be produced simultaneously on multiple paths. The sophisticated hardware and software components that underpin this system are described in this paper, and a selection of sample ionograms illustrates the typical performance and applications to ionospheric studies.
Introduction
Ground-based high-frequency (HF) ionospheric sounders have long been used to observe the vertical structure of the bottomside ionosphere, dating back to the pioneering experiments of Tuve (1925, 1926) . Recent advances in technology have enabled a new generation of digital ionosondes to be developed, at an unprecedented level of sensitivity, and with an increased capacity for sophisticated signal and image processing. Notable examples from the last two decades include the DigisondeRussian chirp-sounder network (Ivanov et al., 2003) . With its 100% duty cycle, and linear frequency-modulated continuous-wave transmissions, only about 20 W of transmitted power is required; this makes the DST Group system (and chirp sounders in general) more spectrum-friendly than pulsed alternatives. The DST Group transmitter and receiver subsystems are also compatible with other chirp sounders. For interested readers, a comprehensive historical overview of the chirp sounder is described in Ivanov et al. (2003) .
Following some background information on the development of the ionosonde and where it fits into Australia's defense program (section 2), separate overviews will be provided for the hardware (section 3) and software (section 4) components of DORS/DOTS. A small selection of sample ionograms and fitted traces from various DST Group experiments over the last decade is included to illustrate the sounder's capabilities and quality of results. Specific applications and the physical interpretation of sample results will be discussed further in section 5. The paper finishes by discussing future development (section 6) and conclusions (section 7).
Background
While the majority of the world's ionosondes have historically been single-site installations, configured to run as vertical incidence sounders (VIS), the use of OIS networks has a number of advantages. First, for large-scale ionospheric mapping purposes, their many combinations of point-to-point propagation paths permit a greater spatial sampling density than can be offered by a VIS network alone, given the same number of sites. Second, they may be used to observe the ionosphere at locations where a VIS is impractical (e.g., over oceans). Finally, where transmitters and receivers are not co-located, their design and installation is simplified considerably; that is, system-generated noise and emissions remain minimal at the receiver site and 100% duty cycle waveforms can be used to reduce peak power demands. Modern GNSS networks make OIS network synchronization considerably easier and more accurate than previous methods such as internal clocks or HF timing signals.
For these reasons, the Australian Department of Defence is currently in the process of expanding its OIS network in northern Australia to include up to 40 oblique propagation paths, in addition to its existing VIS network of 13 sites. This so-called Dense Integrated Network of Ionospheric Sounders (DINIS; Gardiner-Garden et al., 2011) will enhance the future frequency advice and coordinate registration capabilities of the JORN HF sky-wave radars. DINIS has also addressed obsolescence issues with the legacy JORN VIS and OIS systems, many of which had reached their end of life after continuous operation for around two decades.
Developed with the goals of DINIS in mind, the Digital Oblique Receiving System (DORS) and its counterpart, the Digital Oblique Transmitting System (DOTS), are a complete OIS solution, designed and built by Defence Science and Technology (DST) Group in Edinburgh, South Australia. The systems use state-ofthe-art direct-digital receivers and waveform generators, and are accompanied by an extensive suite of onboard software and support tools, which are each summarized in the following sections. DORS and DOTS are closely related to DST Group's Portable Remote Ionospheric Monitoring Equipment (PRIME; Harris et al., 2016) , a customized form of the same underlying receiver and waveform generator technology, adapted for VIS reception and analysis.
Key attributes of the DORS/DOTS ionosonde are as follows:
1. High sensitivity and fidelity, with large spurious free dynamic ranges and relatively flat gain responses. 2. Multiple simultaneous channels on a single receiver. 3. Flexible control and data acquisition, including compatibility with legacy chirp sounders. 4. Reliable and cost-effective as an OIS network element. 5. Robust onboard software for interference rejection, ionogram processing, and automatic scaling, producing ionograms and ionospheric parameters of very high quality.
Development of the sounder has now progressed from an early prototype used for short-term deployments (Gardiner-Garden et al., 2008) to a fully operational system, running as part of the JORN OIS network since 2011. Since 2017, the expanded DINIS network, comprising four DORS and seven DOTS units for OIS ionogram collection, along with a combination of Lowell Digisonde DPS-1 and DST Group PRIME units for VIS reception, has been routinely feeding parameterized data into the JORN Real-Time Ionospheric Model. This is a regional representation of the ionosphere over northern Australia, constructed by spatially filtering and mapping the ionogram profile parameters (Barnes et al., 2000) . Partner organizations in Australia are now also making use of the DORS/DOTS ionosonde and its data products.
Hardware Overview
The DORS and DOTS ionosonde systems are modular in design, and therefore very flexible and maintainable. Each consists of a subset of the following components, most of which are rack-mountable. Typical assemblies are pictured in Figure 1 .
1. A general purpose Linux (RedHat/CentOS) server or laptop, for sounder control, data acquisition, and processing. 2. Time and frequency reference distribution (TRDU) unit, with built-in GPS receiver (Jackson Labs Fury OEM) and GPS-disciplined 100-MHz reference (multiplier circuitry developed by DST Group). 3. Three-channel HF digital receiver (DRx) and power supply (DORS only). 4. Three-channel HF digital waveform generator (DWG) and power supply (DOTS only). 5. A 50-W HF power amplifier (DOTS only). 6. Network router, data modem, and keyboard-video-mouse (KVM) drawer. 7. GPS and HF antennas (with RF splitter for multiple DRx).
A compact stand-alone DRx package, with its own onboard power supply and time and frequency reference distribution unit, has also been developed; this is known colloquially as a "GBOX." It requires only a server or laptop for sounder observations on up to three simultaneous channels, and can power an additional two DRx (six channels) if required. This same stand-alone design has been adopted for the more modern NexGenR receiver, described further in section 6. While in many cases existing antenna infrastructure can be used, DST Group has developed its own portable, broadband HF antenna suitable for short-term sounder deployment on experimental trials. The so-called "Jdart" is pictured in the left panel of Figure 2 , alongside an RFS WM-245 biconical antenna typical of the OIS transmit antennas used within JORN. Both are vertically polarized, omnidirectional monopole antennas capable of operating over a broad band of frequencies, with good low to medium angle elevation performance. These are well suited to both transmission and reception on OIS paths between about 500 and 3,000 km, with typical elevation angles spanning 1 to 60°for one-hop F 2 layer propagation. However, as the gain patterns of such antennas do roll-off rapidly for elevations below 10°, reduced F 2 mode sensitivity is to be expected on those longer paths of more than 2,000 km.
The HF digital receiver is the DST Group/BAE Systems DRx MkIID, a high-fidelity wideband receiver developed specifically for HF radar applications (Frazer, 2007) . The DRx MkIID features a relatively low-cost, direct-digital design, with 14-bit analog-to-digital (A/D) converter running at a clock speed of 100 MHz. The default highpass (broadcast band) filter and low-pass (antialiasing) filter result in an operating passband of 5-35 MHz, although modified front-end filters do exist for lower frequency reception on shorter sounder paths. The internal 32-bit data processing, implemented on a field-programmable gate array, includes three independent digital down-converter channels with sweeping numerically controlled oscillators. A general description of the down-conversion (or stretch processing) technique can be found in Fabrizio (2013) .
At the output of the DRx, in-phase and quadrature (I/Q) samples are decimated to a sample rate of 15.625 kHz, giving a usable bandwidth of 12.5 kHz. Across the 5-35-MHz passband, the gain profile is flat to within ±1 dB. The resultant spurious free dynamic range has been measured to be in excess of 150 dBc across the passband under typical operating conditions, with a receiver noise figure of 7-8 dB for up to 10-dB attenuation (after which it increases at a rate approximately equal to the increase in attenuation). Timing accuracy is better than 1 μs, using the GPS-locked 1PPS signal.
The DST Group HF digital waveform generator is based on a similar design and shares common firmware with the receiver. It is also a direct-digital multichannel system, with a 16-bit digital-to-analog converter running at 100 MHz. The adjustable gain allows for RF output up to +13 dBm, with a spurious free dynamic range of 78 dBc across the 5-35-MHz passband. The DWG is used to drive a 50-W HF power amplifier, which is routinely configured to provide a nominal 20 W (or 13 ± 2 dBW, subject to antenna mismatch) for OIS soundings.
All hardware is equipped with temperature sensors and appropriate lightning protection, to cope with the hostile operating conditions of many remote sounder locations. A transmitter/receiver test harness at DST Group enables hardware calibration and diagnosis of common faults, such as failures in the analog frontend circuitry.
Software Overview

Command and Control
The DRx or DWG is controlled by a Linux server or laptop, which initiates each sounding, selects the gain settings, and logs the device state and temperature. A system monitor display provides a high-level interface for managing command and control, including restarting receivers or control processes, and an onboard ionogram viewer enables real-time data inspection and replay. For DORS, the output I/Q samples are also dumped to a raw file, ready for subsequent onboard processing (described in the later sections of this paper). Connectivity is provided via Gigabit Ethernet.
A predefined schedule file controls the fixed start times, sweep rates, and transmitter-receiver delay offsets of the soundings, as well as specifying the path coordinates. A schedule editor ("schedit") provides a simple user interface to help populate this file. The linear frequency-modulated continuous-wave sweep rate is fully adjustable, although rates commonly chosen are 125, 156.25, 250, and 312.5 kHz/s, being integer multiples of the 15.625-kHz output sample rate for the DRx. Faster sweep rates reduce the revisit interval and delay-Doppler coupling effects (i.e., the ambiguity caused by ionospheric Doppler shifts on chirp-sounder delay measurements), but also reduce the signalto-noise ratio (SNR) for the same transmitted power. Standard JORN OIS schedule parameters are listed in Table 1 . It should be noted that none of these parameters are fixed and can be customized as required.
Except on very short paths, DORS OIS ionograms typically only retain a 4-ms group delay window, so additional decimation is usually applied to reduce raw data volumes before writing to disk. For example, at a sweep rate of 250 kHz/s, 10X decimation reduces the sample rate from 15.625 to 1.5625 kHz, leaving 1.25-kHz usable bandwidth or 5-ms usable group delay. The transmitter-receiver delay offset is chosen to preserve a small guard band of negative delays (less than the great circle ground range) for background noise estimation.
The automatic gain control function of the control software manages the dynamic range of the receiver against diurnal changes in the background RF environment. It adjusts the DRx attenuation setting whenever the system is inactive (between soundings), to preserve a fixed headroom and protect against overloads. As the A/D converter is open to the whole HF band, there is some compromise between maintaining linearity and operating above the internal noise limit. With this in mind, a target A/D headroom of 6 dB is the standard DORS configuration, resulting in a very small number of DRx overloads, but remaining externally noise limited at most operational frequencies within the passband (5-35 MHz).
To quantify the above statement, median noise levels at an exceptionally quiet Australian receiving site near Alice Springs were analyzed for the month of September 2015. Across six medium-length OIS paths (700-1,600 km), less than 0.1% of ionogram frequency bins within the passband and below the maximum observed frequency (MOF) of F 2 propagation contained noise within 3 dB of the internal noise limit. In other words, the vast majority of these observations (>99.9%) were deemed to be externally noise limited. Above the MOF, the time-averaged percentage of internally noise limited frequencies rose to 10-20%; however, this is of lesser consequence for ionogram mode detection and scaling. For other sites with higher external HF noise environments, the percentages of internally noise limited observations are reduced, so Alice Springs is believed to represent a worst-case scenario.
Ionogram Signal Processing
The fundamental data product from each ionospheric sounding is the ionogram: an image of the received power (in dBW), across all propagated modes, as a function of frequency and group delay. Given the downconverted I/Q samples from a single DORS receiver channel, the ionogram is formed by simply performing spectral analysis on overlapped blocks of the coherent data sequence. A given frequency component in the data is equal to the product of the ionospheric group delay and the sweep rate, plus any ionospheric Doppler shift (usually <1 Hz or, equivalently, <1 km in delay at 250 kHz/s). In practice, the FFT algorithm is used, with a Hann window applied for modest sidelobe reduction (Harris, 1978) . An 80% overlap is chosen to produce smoothly connected ionogram traces in the presence of windowing; this greatly assists subsequent scaling and interpretation. additive impulsive noise in the data, using a low-order AR-model-based finite impulse response filter, then replaces the bad samples with a higher-order AR model of the desired signal (i.e., representing the ionospherically propagated modes from the sounder transmitter). In typical cases, up to 40-60 dB of SNR can be recovered in the vicinity of RFI, and the trace continuity that would otherwise be broken into discontinuous segments is maintained. Figure 3 shows corresponding ionograms before and after RFI rejection; the clarity of ionospheric trace features is improved markedly by this preliminary processing step.
Additional ionogram preprocessing has also been developed to improve compatibility with other chirp sounders. This includes compensation for known timing biases (e.g., a 33-μs timing offset between the TCI/BR Communications TCS-7 transmitter and DORS receiver) and AR interpolation across known transmitter dropouts (often on the scale of tens of milliseconds, associated with mechanical filter switching). Longer dropouts, on the same scale as the coherent processing time/bandwidth (e.g., due to barred frequencies), cannot be effectively remedied.
To highlight the combined improvements of state-of-art hardware and signal processing on the final ionogram, Figure 4 compares a DORS ionogram (after RFI rejection) with an older-generation TCI/BR Communications RCS-7 ionogram, received simultaneously on the same path and antenna. As well as the increased image resolution in both frequency and group delay, which reveals finer and higher-order ionospheric mode structure, the DORS ionogram also contains much smoother traces (due to overlapped processing), with better SNR (due to RFI rejection), and far fewer spectral artifacts (due to the direct-digital receiver design having minimal analog circuitry). One such artifact is the spurious "ghost" trace appearing in the left panel, but absent in the right panel, which replicates the true one-hop F 2 trace (at around 10-15 MHz and 900-1,000 km) with an extra delay of 120 km; it is noted that this offset corresponds to the 50-Hz grid power frequency in Australia.
Feature Extraction and Profile Fitting
While the high-quality DORS ionograms provide a rich characterization of the ionospheric propagation environment, in many modeling applications it is desirable to reduce these observations down to a more simple parameterized description of the electron density profile. DORS has its own robust, heuristic technique for automatic scaling that runs onboard the sounder, known as the DST-IIP (Ionogram Image Processing) algorithm. It is based on extracting a limited set of key image features relating to the E, sporadic E (E s ), and F 2 layers, then fitting a multisegment quasi-parabolic profile (Dyson & Bennett, 1988) , with embedded mirror reflectors for up to two E s layers, that reproduces the features through analytic trace synthesis. A spherically symmetric ionosphere at the path midpoint is assumed, and climatological models for E and F 1 are used to complete the profile where critical information is unable to be extracted from the image itself. A full description of the algorithm can be found in Heitmann and Gardiner-Garden (2019) .
The primary outputs of the DST-IIP algorithm are the midpoint electron density profile (fitted up to the F 2 peak) and the associated synthetic traces for each of the E, F 1 , F 2 , and E s layers. These synthetic traces are shown overplotted on a sample DORS ionogram in Figure 5 . Only the one-hop returns are strictly fitted, but under relatively benign ionospheric conditions, the two-hop synthetic traces can also match the image remarkably well. Note that a first-order model for geomagnetic effects (Bennett et al., 1991; Chen et al., 1992 ) is sufficient to represent the bulk of the ordinary (o) and extraordinary (x) mode splitting, without requiring explicit separation of polarization components in the ionogram.
The analysis of tens of millions of DORS ionograms since 2007 has revealed that, under good propagation conditions (>90% of mediumlength observations), the automatic results are robust and reliable. The estimation of feature and fit uncertainty is an important part of the algorithm design, and critical to the subsequent use of parameters in data-assimilative ionospheric models. The F 2 critical frequency, for example, is typically accurate to within ±0.1 MHz. The challenge of producing satisfactory output in the presence of strong midlatitude spread F (e.g., Bowman, 1990) , intense multihop/blanketing E s (e.g., Whitehead, 1989) , depressed F 2 ionization during storm conditions (e.g., Mendillo, 2006) , and large trace perturbations caused by traveling ionospheric disturbances (e.g., Hocke & Schlegel, 1996) is the subject of ongoing algorithm development.
Data Management and Network Displays
For each sounding, both a raw data file and a processed data file are generated onboard the DORS server. The former contains the I/Q samples on the down-converted and decimated channel, while the latter contains the ionogram (typically byte-scaled and thresholded) along with its automatically scaled features and fitted parameters. Average file sizes tend to be around 4 MB and 70 kB, respectively. In routine JORN operations, only the processed data files are transferred to a central data server, where they undergo further analysis in constructing the Real-Time Ionospheric Model. Allowing for the typical 20-30 s of onboard processing time, ionograms can be transferred to the central server well within a minute of the end of the sounding observation.
The Sounder Health Display, shown in Figure 6 , is a tool created for monitoring the incoming DORS OIS ionograms (and indeed any other OIS/VIS ionograms) at a network level. It offers a number of different time 
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Radio Science series representations of the data, including background noise and peak power at each frequency, that highlight any abnormal behavior or temporal performance variation in the sounder that may not be obvious from individual ionograms. Besides its maintenance role, the tool is also indispensable for reviewing propagation conditions, particularly the network-wide response to ionospheric storms and disturbances. A coupled ionogram viewer also permits manual inspection of the synthetic traces fitted automatically by the DORS onboard processing.
Auxiliary Functions
In addition to the core sounder functionality (i.e., the generation of ionograms and fitted parameters), a number of auxiliary functions have also been developed by DST Group for special experimental applications. The precise measurement of phase data is critical to many of these functions. They include the following:
1. The collection of ionospheric Doppler information; either Doppler ionograms, using a replicated wideband sounder waveform offset in time, or full Doppler spectra at a discrete set of frequencies, using a repetitive narrowband waveform (so-called channel scattering functions). A sequence of DORS Doppler ionograms is shown in Figure 7 , while an example of a DORS channel scattering function (CSF) dwell is shown alongside the ionogram in Figure 8 . The interpretation of these Doppler observations will be discussed further in section 5. 2. The measurement of angle-of-arrival on reception, using 2-D HF arrays to estimate both bearing and elevation. An example of a DORS ionogram, color-scaled according to the bearing offset from great circle geometry, is shown in Figure 9 . A 19-element twin-arm array, with a DORS receiver per element, was used in this case (Heitmann et al., 2018) . 3. A passive spectrum monitoring tool, which can run alongside sounder operations on one of the independent down-converter channels. It features a waterfall display, showing the time history of spectra, to better identify other HF users and assess channel occupancy.
Applications and Further Examples
The DORS/DOTS ionosonde has been used for many years in HF propagation studies by DST Group and is now a key operational component of the JORN sounder network. Its excellent dynamic range and highresolution ionograms enable very fine mode structure to be observed, while the flexible scheduling and control allows for the study of ionospheric dynamics on shorter time scales than traditionally recorded (including subminute revisit rates) and with optional Doppler information. The hardware and antennas are also relatively portable, making DORS/DOTS well suited to short-term experimental campaigns. Recent DST Group projects to use DORS/DOTS and its onboard processing capabilities have included the deployment of ionosonde networks to study ionospheric spatial variability (Gardiner-Garden et al., 2011) , oblique angle-of-arrival reception (Heitmann et al., 2018) , mode-selective radar trials (Abramovich et al., 2013) , and HF geolocation experiments (Fabrizio & Heitmann, 2013) .
As well as the climatological patterns of ionospheric layer variability that are captured in long-term collections of fitted profile parameters, the DORS ionograms themselves reveal many interesting ionospheric phenomena and disturbance signatures that are deserving of further study. In the predominantly midlatitude paths observed to date, this includes the manifestation of traveling ionospheric disturbances, spread F irregularities, and tidal ion layer (sporadic E) morphology.
For example, the high-resolution ionograms in Figure 4 (right panel) and Figure 10 are able to separate fine mode structure in the two-hop E s /F 2 combination modes (at around 1,000-1,200 km) and one-hop E s modes (at around 1,250-1,350 km), respectively. The multitude of apparent E s reflectors in Figure 10 is thought to be due to the presence of patchy ionization at two or more physical E s layer heights, forming multiple intraionospheric reflections between the different heights. Furthermore, the large dynamic range of the receiver permits weaker modes, associated with micromultipath effects or off-angle paths, to be frequently detected. An extreme example, during postmidnight spread F conditions, is shown in Figure 11 . The weaker (off-angle) one-hop F 2 returns extend 8 MHz beyond what appears to be the maximum frequency cutoff for the great circle path at 10 MHz.
Although not currently in routine use, the Doppler capability of DORS/DOTS has been an essential part of recent DST Group experiments looking at ionospheric dynamics. Figure 7 shows the characteristic descending "kink" signature of a traveling ionospheric disturbance in a sequence of DORS Doppler ionograms. Such disturbances are typically the manifestation of atmospheric gravity waves in the thermosphere, causing wave-like perturbations in the electron density that propagate horizontally across the field of view with a forward-tilted phase-front (Hocke & Schlegel, 1996; Hunsucker, 1982) . Just as ubiquitous is the evening terminator behavior in Figures 8 and 9 , whereby the ionospheric Doppler shifts of the 1F 2 (low) and 1F 2 (high) modes in the channel Figure 9 . Estimates of bearing offset, with respect to the great circle path geometry, for the same ionogram and CSF images as in Figure 8 . scattering function range-Doppler map are distinctly negative, corresponding to the upward motion of the F 2 layer during the day-tonight transition.
Future Development
A future upgrade to DORS will see the DRx MkIID replaced with DST Group's NexGenR receiver. This represents the evolution of the directdigital HF receiver design, with a 160-MHz A/D converter, optimized RF front-end, and a total of eight down-converter channels.
Although not yet operational, recent experimental testing has demonstrated that the NexGenR will offer improved dynamic range over a wider part of the HF band (2-45 MHz). The DOTS DWG will be upgraded in tandem to run at the same 160-MHz clock speed.
Commercialization discussions for DORS and DOTS are also underway, to ensure the viability of maintenance and support into the future.
Conclusions
A high-fidelity, multichannel oblique incidence ionosonde has been developed by DST Group for routine observations of the ionosphere. The DORS receiving subsystem supports the simultaneous collection of multiple high-resolution ionograms, and offers excellent SNR even with a relatively fast sounder revisit rate. It has many potential applications to problems requiring accurate knowledge of the bottomside electron density profile, such as HF radar and communications, space weather monitoring, and low-frequency radio astronomy. As a sounder network component, it represents a reduced cost per spatial sampling point compared to traditional networks of vertical incidence sounders, and its low-power, direct-digital design offers an exceptional level of quality and robustness.
Key aspects of the DORS/DOTS ionosonde have been described, including its modular hardware design, flexible command and control, sophisticated onboard processing, data management, and auxiliary functions. Example ionograms and fitted traces speak to the overall quality of the data products. Interested readers are referred to companion papers by Heitmann and Gardiner-Garden (2019) and Turley et al. (2019) for more detailed descriptions of the feature extraction and fitting (DST-IIP) algorithm and RFI rejection algorithm, respectively. Figure 11 . An enlarged DORS ionogram for a 1,495-km OIS path from Scherger to Alice Springs, showing severe off-angle propagation and postmidnight spread F conditions. These propagation features remain well within the DORS sensitivity limits, even after thresholding is applied.
